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Sec24-Dependent Secretion Drives Cell-Autonomous Expansion
of Tracheal Tubes in Drosophila
Abstract
Epithelial tubes in developing organs, such as mammalian lungs and insect tracheae, need to expand
their initially narrow lumina to attain their final, functional dimensions [1]. Despite its critical role for
organ function, the cellular mechanism of tube expansion remains unclear. Tracheal tube expansion in
Drosophila involves apical secretion and deposition of a luminal matrix [2,3,4,5], but the mechanistic
role of secretion and the nature of forces involved in the process were not previously clear. Here we
address the roles of cell-intrinsic and extrinsic processes in tracheal tube expansion. We identify
mutations in the sec24 gene stenosis, encoding a cargo-binding subunit of the COPII complex [6,7,8].
Via genetic-mosaic analyses, we show that stenosis-dependent secretion drives tube expansion in a
cell-autonomous fashion. Strikingly, single cells autonomously adjust both tube diameter and length by
implementing a sequence of events including apical membrane growth, cell flattening, and taenidial
cuticle formation. Known luminal components are not required for this process. Thus, a cell-intrinsic
program, rather than nonautonomous extrinsic cues, controls the dimensions of tracheal tubes. These
results indicate a critical role of membrane-associated proteins in the process and imply a mechanism
that coordinates autonomous behaviors of individual cells within epithelial structures.
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Summary 
Epithelial tubes in developing organs, such as mammalian lungs and insect tracheae, 
need to expand their initially narrow lumina to attain their final, functional dimensions [1]. 
Despite its critical role for organ function, the cellular mechanism of tube expansion 
remains unclear. Tracheal tube expansion in Drosophila involves apical secretion and 
deposition of a luminal matrix [2-5], but the mechanistic role of secretion and the nature 
of forces involved in the process were not clear. Here we address the roles of cell-
intrinsic and extrinsic processes in tracheal tube expansion. We identified mutations in 
the sec24 gene stenosis, encoding a cargo-binding subunit of the COPII complex [6-8]. 
Using genetic-mosaic analyses we show that stenosis-dependent secretion drives tube 
expansion in a cell-autonomous fashion. Strikingly, single cells autonomously adjust both 
tube diameter and length by implementing a sequence of events including apical 
membrane growth, cell flattening, and taenidial cuticle formation. Known luminal 
components are not required for this process. Thus, a cell-intrinsic program, rather than 
non-autonomous extrinsic cues, controls the dimensions of tracheal tubes. These results 
indicate a critical role of membrane-associated proteins in the process and imply a 
mechanism that coordinates autonomous behaviors of individual cells within epithelial 
structures. 
 
Highlights 
• Secretion drives local expansion of tracheal tubes despite high mobility of secreted 
proteins in the lumen 
• Individual cells autonomously adjust epithelial tube diameter and length 
• A cell-intrinsic program, rather than extrinsic cues, controls tracheal tube 
dimensions 
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Results and Discussion 
We used the Drosophila tracheal system [9-11] to dissect the cellular mechanism of 
epithelial tube expansion. Tracheal cells secrete a matrix consisting of proteins and 
chitin into the expanding lumen [5, 12, 13]. It was proposed that the luminal matrix 
could provide forces that drive the expansion process [4, 5, 14]. However, the role of 
matrix secretion and the nature of the relevant secreted molecules have not been clear. 
Here we address the mechanistic role of secretion in tracheal tube expansion. 
stenosis is required for tracheal tube dilation and secretion 
In a mutagenesis screen for genes controlling tracheal morphogenesis and secretion 
we identified a complementation group defective in tracheal tube dilation (Figures 1A 
and 1B). Based on the narrow lumen phenotype of the mutants we named the locus 
stenosis (sten). In addition to the tube dilation defect, Vermiform-RFP (Verm-RFP), 
which is secreted into the tracheal lumen in wild-type embryos, was partially retained in 
sten mutant tracheal cells (Figures 1A and 1B), where it colocalized with the 
endoplasmic reticulum (ER; data not shown), suggesting that sten is required for ER 
export of Verm-RFP. Similar to Verm-RFP, endogenous Verm protein was partially 
retained intracellularly (Figures 1D and 1G). Moreover, both apical (Stranded at second 
(Sas); Figures 1E and 1H) and basolateral (Basigin-GFP; not shown) transmembrane 
(TM) proteins were affected, suggesting that sten is required for general secretion. 
However, luminal localization of chitin was not impaired (Figure S5). We conclude that 
sten is required for tracheal tube dilation and for protein secretion. 
sten mutations affect secretion, but not polarity, in embryonic epithelia 
sten embryos also showed defects in other epithelia, including a lack of epidermal 
cuticle, aberrant epidermal cell shapes, and dorsal closure defects (see Figure S1). 
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However, apicobasal cell polarity was apparently not affected, because apical (E-
Cadherin (E-Cad), Crumbs (Crb), Bazooka-GFP; Figures 1K and 1L; Figure S5; data 
not shown) as well as basolateral (Coracle (Cora), Fasciclin III (FasIII), Discs large-
GFP; Figures S1 and S4; data not shown) proteins localized correctly in sten mutant 
epidermal and tracheal cells. Moreover, sten mutant epithelia contained basolateral 
septate junctions (Figures 1P and 1R). These results suggest that epithelial polarity is 
maintained despite the secretion defects in sten embryos. 
sten encodes a Sec24 family protein 
All three sten alleles contain point mutations in the previously uncharacterized gene 
CG10882 (Figure 2A; Figure S2). CG10882 encodes a protein related to the Sec24 
subunit of COPII (coat protein complex II) vesicles, which transport cargo from the ER 
to the Golgi apparatus (Figure 2B; [6-8]). All three sten alleles encode C-terminally 
truncated proteins, which are presumed to be incapable of complex formation with 
Sec23 and should consequently lack any function in COPII trafficking [15]. Tracheal 
phenotypes of stenG200 and stenH24 homozygotes were indistinguishable from embryos 
carrying these mutations in trans to a sten deletion (Df(2L)Exel7010; Figures 1G-1I; 
data not shown), corroborating that these alleles are strong loss-of-function mutations. 
Finally, tracheal-specific expression of either untagged or N-terminally GFP-tagged 
CG10882 protein fully rescues the tube dilation and secretion defects of sten mutants, 
indicating that these defects are due to a requirement of CG10882 in tracheal cells 
(Figures 1A-1C and 1J). Consistent with these findings, CG10882 mRNA is expressed 
in embryonic epithelia, with elevated levels in tracheal cells (data not shown). Maternal 
CG10882 mRNA is present in early embryos, suggesting that the late onset of the 
defects in zygotic sten mutants is due to perduring maternal sten gene products. 
Consistent with this view, maternal sten function is essential for cell viability (data not 
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shown). We conclude that sten encodes a Sec24-related protein that is required in 
tracheal cells for tube dilation and protein secretion. Similar roles were previously 
reported for other COPII components (Sar1, Sec13, Sec23; [5]). 
GFP-Sten protein localizes to ER exit sites 
To analyze the subcellular localization of Sten, we generated a GFP-Sten fusion 
protein. GFP-Sten accumulated at punctate structures in tracheal cells, with an average 
of 12.2±2.8 (n=22) punctae per cell (Figure 2F). These punctae were embedded within 
the ER and colocalized with the COPII marker Sec31-RFP and the ER exit site (ERES) 
protein Sec16 (Figures 2C-I; [6, 16]), suggesting that GFP-Sten accumulates at ERES. 
Consistent with these findings, Sec31-RFP-labeled punctae localized adjacent to, but 
non-overlapping with, the trans-Golgi marker Galactosyltransferase-GFP (GalT-GFP; 
Figure 2J; [17]). Interestingly, the morphology and number of Sec31-RFP-labeled 
punctae did not change in sten mutants (12.3±3.6 punctae per cell; n=22), despite 
dramatic effects on Golgi localization of GalT-GFP (Figure 2K) and on ER morphology 
(Figure 1R) in sten mutant cells, suggesting that ERES are maintained in the absence 
of sten function. Taken together, these results indicate that Sten localizes at ERES, 
consistent with a function in ER export and COPII trafficking. 
sten is required for cell shape changes during tracheal tube dilation 
We noticed that tracheal dorsal trunk (DT) cells in stage 16 sten mutants occupied a 
smaller luminal surface area outlined by apical E-Cad or lateral Cora staining compared 
to wild-type controls (Figures 1K, 1L, and Figure S4). Correspondingly, transmission 
electron microscopy (TEM) analysis revealed flattened cuboidal shapes of DT cells in 
the wild type, whereas DT cells in sten embryos had conical profiles with a small apical 
surface (Figures 1O and 1Q). The shapes of sten mutant cells were reminiscent of wild-
type tracheal cells at the onset of tube expansion, suggesting that sten mutants do not 
Förster et al. 
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undergo the normal program of cell shape changes during tube expansion (Figures 1M 
and 1N). Instead of the smooth luminal surface in the wild type, apical cell surfaces in 
sten mutants were convex towards the lumen and the luminal surface was indented at 
cell borders (Figures 1P and 1R). In addition, sten mutants lacked cuticular taenidia 
and failed to clear matrix material from the lumen. Moreover, the rough ER appeared 
dramatically bloated compared to the flat ER cisternae in the wild type (Figures 1P and 
1R). These phenotypes are qualitatively similar to, but more severe than those 
described for sar1 mutants [5]. We conclude that sten-dependent secretion is required 
for ER organization, taenidia formation, and for cell shape changes during tracheal tube 
expansion. 
Secretory activity acts locally in tube expansion 
To dissect the mechanistic role of sten-dependent secretion in tube expansion, we 
asked whether secretion acts in a cell-intrinsic fashion or via extrinsic cues. It was 
proposed that secretion-dependent extrinsic cues, e.g. luminal pressure as a 
consequence of matrix deposition or of ion transport, could drive tracheal tube dilation 
[4, 5, 14], implying a non-autonomous role of secretion in the process. To ask whether 
locally restricted secretory activity can drive tube dilation non-autonomously in distant 
parts of the tube, we used Abdominal B (Abd-B)-Gal4 [18] to express GFP-Sten in cells 
of parasegment (PS) 13, including the posteriormost tracheal metamere (Tr10; Figure 
3F and Figure S3). We then analyzed sten mutant embryos in which sten function was 
restored in Tr10. Strikingly, tracheal tube dilation was rescued in all branches of Tr10, 
while the rest of the tracheal system showed no signs of restored tube dimensions or 
morphology (Figures 3C and 3D). At stage 17, tubes in Tr10 showed expanded 
diameter, cuticular taenidia, and partially restored Verm secretion, while tubes anterior 
to Tr10 were narrow, lacked taenidia, and showed high levels of retained Verm. 
Förster et al. 
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Importantly, there was a sharp border between these phenotypes at the fusion joint 
between Tr9 and Tr10, suggesting that the rescuing activity does not spread away from 
the GFP-Sten-expressing cells. These results suggest that local secretion-dependent 
events drive the tube dilation process. 
Secreted proteins rapidly diffuse in the tracheal lumen 
The local effect observed in the previous experiment suggests that the sten-dependent 
activity that mediates tube dilation is not diffusible. This could be due to membrane 
localization of the relevant proteins, or, alternatively, to impaired diffusion of secreted 
proteins in the matrix-filled lumen. To ask whether proteins are capable of diffusing 
within the tracheal lumen, we generated embryos co-expressing Verm-RFP and GFP-
Sten in Tr10 under the control of Abd-B-Gal4 (Figures 3E and 3F). In these embryos, 
Verm-RFP was detectable throughout the entire DT lumen, suggesting that the protein 
diffuses in the luminal space. Importantly, a similar distribution of Verm-RFP was 
observed in sten embryos expressing Verm-RFP and GFP-Sten in Tr10, suggesting 
that luminal protein mobility is maintained in sten mutants (Figure S3). Moreover, we 
directly measured the mobility of a secreted GFP fusion protein, Serp-CBD-GFP, in the 
tracheal lumen using fluorescence recovery after photobleaching (FRAP) experiments 
(Figures 3G and 3H; Movies S1 and S2). Upon bleaching of one DT metamere, 
fluorescence in the lumen recovered rapidly by diffusion from both sides flanking the 
bleached area (Figure 3G). Remarkably, recovery kinetics were similar in wild-type and 
sten embryos, with half-maximal recovery times of approximately 25 seconds (Figure 
3H and Figure S3), indicating that proteins can diffuse rapidly within the lumen and that 
mobility is not significantly impaired by the narrow tubes in sten mutants. We conclude 
that despite the high mobility of secreted proteins in the lumen secretion acts locally to 
mediate tracheal tube dilation. 
Förster et al. 
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Tracheal cells individually dilate the lumen by expanding their apical surface 
Although our findings described above point to a cell-autonomous function of secretion 
in tube dilation, it is not clear whether a contiguous group of secreting cells is required 
to implement tube dilation, or whether a single cell is able to dilate the lumen 
autonomously. To address this point, we generated sten embryos bearing individual 
GFP-Sten-expressing cells (Figure 4). Secretory function was rescued in these cells, as 
indicated by restored Verm secretion (data not shown). Strikingly, the rescued DT cells 
dramatically expanded their luminal surface area, both diametrically and longitudinally, 
relative to neighboring mutant cells, which showed no signs of expansion (Figures 4A-
4D and Figure S4; n=17). The rescued cells were hat-shaped with conspicuous apical 
processes along the lumen (Figures 4B-4D). These cells occupied up to four times 
more luminal surface compared to neighboring mutant cells, as indicated by Cora 
staining outlining cell borders. This effect was also observed in other tracheal cell types 
besides DT cells and is not due to GFP-Sten overexpression, since cells expressing 
GFP-Sten in wild-type embryos did not show excessive expansion (Figure S4). The 
luminal surface underlying rescued cells showed characteristic bulges, suggesting that 
restored secretion in a single cell leads to local luminal dilation (Figures 4A and 4B). 
This effect was apparent at stage 15, prior to the formation of tracheal cuticle. At stage 
17, taenidial rings were visible on the luminal surface of GFP-Sten-expressing cells. 
Interestingly, taenidia extended around the entire lumen (encompassing the surface of 
mutant cells) and up to one cell diameter away from a rescued cell onto the surface of 
adjacent mutant cells (Figures 4C and 4D; Figure S4; Movie S3). The presence of 
taenidia correlated with local dilation of the lumen. These findings suggest that cuticle 
synthesized by a rescued cell spreads over a short range and thereby slightly extends 
the local dilation. Taken together, our results indicate that tracheal tube expansion is 
driven largely by a cell-intrinsic secretion-dependent morphogenetic program, rather 
Förster et al. 
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than by extrinsic cues. Strikingly, a single cell autonomously executes all steps of this 
program, which includes apical membrane growth, diametric and longitudinal 
expansion, and taenidia formation. 
Two principle scenarios for the role of secretion in epithelial tube expansion are 
conceivable (Figure 4E). In the first scenario, secretion acts non-autonomously by 
inducing mechanical or chemical changes in the lumen that in turn impinge on epithelial 
cells. For instance, ion-transport-dependent fluid accumulation is required for 
expansion and coalescence of nascent lumens in the zebrafish gut [19]. In developing 
mammalian lungs, chloride-transport-dependent hydrostatic pressure was proposed to 
maintain and dilate the lumen and to stimulate growth by signaling via stretch-sensors 
[20]. However, the nature of the presumed stretch-sensing pathway is not known. In the 
second scenario, secretion acts autonomously through cell-intrinsic events that 
modulate cell shape, e.g. polarized delivery of membrane and proteins to the cell 
surface. We demonstrate here that tracheal tube expansion is a cell-autonomous 
process driven largely by cell-intrinsic forces. Extrinsic cues emanating from the lumen 
are not required to initiate or to propel the expansion process. Three lines of evidence 
support these conclusions. First, none of the known luminal components, including 
secreted proteins and chitin, are required for tracheal tube expansion. Conversely, lack 
of luminal proteins or of chitin causes elongated or over-dilated tubes, respectively, 
suggesting that the luminal matrix restricts tube expansion rather than promoting it [12, 
13, 21, 22]. Moreover, lack of a functional epithelial barrier does not impair tube dilation 
[23], indicating that presumptive luminal pressure is not required. Second, despite rapid 
diffusion of secreted proteins, secretion acts locally to promote tube dilation, suggesting 
that a cell-autonomous aspect of secretion is driving tube expansion. Third and most 
striking, a single cell is able to autonomously execute a program of cell shape changes 
that result in local expansion of the lumen. This indicates that any essential activities 
Förster et al. 
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involved in this program are cell-intrinsic. Thus, the molecules mediating these 
activities are either secreted, but only act at a short range in an autocrine fashion, or, 
alternatively, the relevant secretory cargo is associated with the plasma membrane 
(Figure 4E). Selective apical membrane growth and remodelling was shown to play a 
key role in epithelial tube expansion [2, 24, 25]. Candidates for proteins that could 
mediate sten-dependent apical expansion include the TM protein Crumbs, which 
determines apical membrane size in a dose-dependent fashion and is involved in tube 
morphogenesis [25-27]. Indeed, we found that over-expression of Crb causes over-
dilation of the tracheal lumen in a sten-dependent manner (Figure S5). However, 
localization and levels of endogenous Crb protein appeared normal in sten mutants, 
presumably because maternal sten function is sufficient for Crb secretion. Thus, Crb is 
unlikely to be a main effector of sten-dependent secretion in tube dilation. Alternatively, 
exocytosis may directly modulate apical surface area by polarized delivery and 
insertion of membrane material at the apical side. An actin/myosin-dependent apical 
membrane trafficking pathway in tracheal cells was recently described [28]. It will be 
crucial to characterize the vesicles that mediate sten-dependent apical expansion. 
Importantly, the autonomous expansive behavior of individual cells must be 
tightly coordinated to ensure uniform expansion of the epithelium. Since tracheal tube 
diameter is constant despite local variations in the number of cells surrounding the 
lumen, cells must exchange information about the relative surface area that they 
occupy. What coordinates and limits the intrinsic tendency of epithelial cells to expand 
their surface? We propose that apical expansion is controlled by interactions of cells 
with the luminal matrix, which acts as a scaffold that integrates forces along the tube. 
Contact with the luminal matrix appears to limit apical membrane growth during tube 
expansion, while at later stages rigid cuticle physically stabilizes the apical surface. 
Förster et al. 
 
11 
Accordingly, luminal matrix defects result in dramatic over-expansion of tracheal cells 
[12, 13, 21, 22]. 
Our findings could have implications for the mechanisms of tube expansion in 
other organs and organisms. Intriguingly, renal cyst formation in a Polycystic Kidney 
Disease (PKD) mouse model is a focal process initiated by clonal expansion of 
individual cells that become homozygous for a Pkd2 mutation [29]. Polycystins, TM 
proteins on the surface of apical cilia, were proposed to function as mechanical sensors 
in cell-matrix interactions [1]. It is tempting to speculate that cell-autonomous regulation 
of apical membrane size may be involved in controlling renal tubule diameter in an 
analogous fashion to what we described for tracheal tubes. 
 
Experimental Procedures 
Isolation of sten mutations 
The mutagenesis screen will be described in detail elsewhere. In brief, mutations were 
induced by Ethyl methanesulfonate feeding of males carrying a btl-Gal4 UAS-GFP 
UAS-Verm-RFP chromosome. F2 lines were established and living F3 embryos were 
scored for tracheal morphology and for Verm-RFP secretion. The sten locus was 
mapped to the cytological interval 22D4-22E1 by non-complementation of 
Df(2L)BSC37, Df(2L)Exel6007, and Df(2L)Exel7010 (FlyBase). The CG10882 coding 
sequence, including exon-intron boundaries, was amplified by PCR from homozygous 
sten embryos. PCR products were sequenced on both strands. The point mutations in 
stenG200, stenG364 and stenH24 alleles reside in exon 5 and were revealed by sequencing 
using oligonucleotides CG10882-5F (5'-GAATGAAAATTTGTCTCGGTTG) and 
CG10882-6R (5'-GCTGCACGAGGTGTACAAGA). 
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Genetic mosaic experiments 
Individual GFP-Sten expressing cells in sten embryos were generated using the flip-out 
technique [30] and a tub>CD2>Gal4 transgene. Females carrying hs-Flp122; 
stenG200/CyO Dfd-YFP; tub>CD2>Gal4 UAS-GFP were crossed to males carrying 
stenG200/CyO Dfd-YFP; UAS-GFP-Sten. Embryos (2-5 h old) from this cross were 
subjected to an 8-minute heat shock at 37°C. Embryos were allowed to develop at 
24°C before they were fixed at 15 to 18 h after egg lay. GFP-Sten expressing cells 
were visualized by anti-GFP antibody staining. 
 
Antibodies and Immunostainings 
The following primary antibodies were used: rabbit anti-Verm (1:300; [21]), guinea pig 
anti-Verm (1:500; [22]), mouse anti-GFP (1:500; Clontech), rabbit anti-GFP (1:500; gift 
from S. Heidmann), guinea pig anti-Cora (1:200; [31]), mouse anti-Crb (1:50; DSHB), 
rat anti-E-Cad (1:100; DSHB), rabbit anti-Sas (1:250; gift from D. Cavener; 
unpublished; [32]), mouse anti-FasIII (1:50; DSHB), rabbit anti-Sec16 (1:1000; [16]). 
Rhodamine- or FITC-conjugated chitin binding probe (1:100; New England Biolabs) 
was used to detect chitin. Hoechst 33258 was used to detect DNA. Secondary 
antibodies were conjugated with Alexa 488, Alexa 568 (Molecular Probes), or Cy5 
(Jackson ImmunoResearch). Embryos were fixed in 4% Formaldehyde for 20 minutes 
or were heat-fixed (for anti-Sec16 stainings), and were devitellinized by shaking in 
methanol/heptane, or in ethanol/heptane (for anti-E-Cad stainings). 
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Supplemental Data 
Supplemental Data include Supplemental Experimental Procedures, five figures, and 
three movies. 
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Figure Legends 
 
Figure 1: Effects of stenosis mutations on secretion, tracheal tube expansion, 
and tracheal cell morphology. 
(A-C) Wide-field fluorescence images of living embryos expressing GFP (green) and 
Verm-RFP (magenta) in tracheal cells under the control of btl-Gal4. Verm-RFP is 
secreted into the tracheal lumen in wild-type embryos (A), but accumulates in tracheal 
cells in sten mutants (B). The DT lumen (dashed lines) is dilated in stage 16 wild-type 
embryos (A), but remains narrow in sten mutants (B). Verm-RFP secretion and lumen 
dilation are fully restored by tracheal-specific expression of sten (C). 
(D-I) Confocal projections of stage 16 wild-type (D-F) and sten mutant embryos (G-I) 
stained for Verm (D and G) and Sas (E and H) proteins. Verm and Sas accumulate in 
the lumen and at the apical membrane, respectively, in the wild type, but are partially 
retained in tracheal cells in sten embryos. 
(J) Quantification of luminal diameter in DT metamere 6. Tube diameter is significantly 
reduced in stenG200/stenH24 mutants, but is fully rescued by btl-Gal4-driven tracheal-
specific expression of sten or GFP-Sten, as indicated by Student’s t-test (***: p<0.001). 
Tube diameter is not significantly different between wild-type and rescued embryos 
(p>0.1). Error bars represent mean ± SD. 
(K, L) Confocal projections of DT in stage 16 wild-type (K) and sten mutant (L) embryos 
stained for E-Cad. The apical perimeter of tracheal cells is small in sten mutants 
compared to the wild type. Note that apical E-Cad localization is not affected in sten 
mutants. 
(M, N) Cross-sections of posterior DT tubes in living wild-type (M and M’) and sten 
mutant (N and N’) embryos at stage 14 and stage 16. Tracheal cells express Src-GFP 
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to label cell membranes. Note that cell profiles in the wild type change from conical at 
stage 14 to flattened-cuboidal at stage 16, while sten mutant cells stay conical. 
(O-R) Abnormal tracheal cell shapes and ER structure in sten mutants. TEM cross-
sections of posterior DT in stage 16 embryos are shown. The outline of one tracheal 
cell is marked by an orange dotted line in (O) and (Q). Wild-type tracheal cells are flat 
and cuboidal (O) and show cuticular taenidia on the luminal surface (arrowhead in P). 
Matrix material (dark grey oval inside lumen in O) is being cleared, as indicated by a 
crescent-shaped gap between the luminal surface and the remaining matrix. The rough 
ER is organized in flat, regular cisternae (P). sten tracheal cells show conical profiles 
with a small, convex apical surface lacking cuticle, and the entire lumen is filled with 
matrix material (Q and R). The ER lumen is dramatically enlarged (R). Note that sten 
mutants still show basolateral septate junctions (arrows in P and R) and the electron-
dense cuticular envelope (arrowheads in P and R). Also note indentations of the 
luminal surface at cell borders in sten mutants (R). Insets in (P) and (R) are close-ups 
of boxed regions marked by dashed lines. 
Scale bars: (A-I) 10 µm, (K-N) 5 µm, (O and Q) 2 µm, (P and R) 0.5 µm. See also 
Figure S1. 
 
 
Figure 2: stenosis encodes a Sec24 protein that localizes at ER exit sites. 
(A) Structure of the stenosis gene. A single transcript is annotated in FlyBase. Exons 
are shown as boxes with coding regions filled in black. The stenG200 and stenH24 alleles 
contain premature translation termination codons within the Sec23/Sec24 trunk 
domain, which forms the interface between Sec23 and Sec24 in the COPII complex 
[15]. stenG364 contains a splice site mutation resulting in retention of intron 5 in the 
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mRNA. The mutant transcripts were detectable by semi-quantitative RT-PCR (Figure 
S2). A P-element, KG02906 (black triangle), inserted in the 5’-untranslated region is 
allelic to sten mutations. The D. melanogaster genome contains a second Sec24 
homolog referred to as sec24 (CG1472; FlyBase). Unlike sten, zygotic sec24 function 
is not essential during embryogenesis (data not shown). 
(B) Domain organization of the Sten protein. Size of the protein in amino acids (aa) and 
mutations in the sten alleles are indicated. The Proline-rich domain, Zinc finger, 
Sec23/Sec24 trunk domain, and Gelsolin-homology region are highlighted by colored 
boxes. 
(C-K) Localization of GFP-Sten protein at ER exit sites. Confocal sections of tracheal 
DT cells in fixed (C-E) or living (F-K) stage 15 embryos are shown. Fluorescent 
proteins were expressed in tracheal cells using btl-Gal4. 
(C-E) Sec31-RFP (D) localizes at punctate structures labeled by the ERES protein 
Sec16 (C). Note that every dot labeled by Sec31-RFP (magenta in E) is also labeled by 
Sec16 (green in E), even though relative signal intensities of Sec31-RFP and Sec16 
vary. 
(F-H) GFP-Sten (F) accumulates in punctate structures that colocalize with Sec31-RFP 
(G). 
(I) Sec31-RFP punctae (magenta) are embedded in the ER labeled by GFP-KDEL 
(green). 
(J) Sec31-RFP (magenta) localizes in close proximity to, but non-overlapping with the 
trans-Golgi marker GalT-GFP (green). Inset shows close-up of boxed region marked by 
a dashed line. 
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(K) Punctate localization of Sec31-RFP (magenta) is maintained in sten mutants, 
although Golgi localization of GalT-GFP (green) is lost (compare green signals in K to 
J). 
Scale bar in (C-K): 2 µm. See also Figure S2. 
 
 
Figure 3: Secretory activity acts locally to drive tube expansion. 
(A-D) Confocal projections of tracheal metameres 8-10 in stage 16 sten mutant 
embryos stained for chitin, Verm, and GFP. Expression of GFP-Sten in Tr10 locally 
rescues tracheal tube dilation, taenidia formation, and Verm secretion exclusively in 
Tr10 (compare B and D). Note that Abd-B-Gal4-driven GFP-Sten expression ceases in 
older embryos, thus GFP-Sten (yellow in D) is no longer detectable in all cells of Tr10 
at stage 16. 
(E, F) Confocal section of a living wild-type embryo expressing Verm-RFP (magenta in 
F) and GFP-Sten (green in F) under the control of Abd-B-Gal4. Verm-RFP is 
exclusively expressed by the GFP-labeled cells in PS13, including the last tracheal 
metamere. Note that Verm-RFP is distributed throughout the entire tracheal lumen. 
Verm-RFP at the periphery of the embryo presumably originates from GFP-Sten-
expressing epidermal cells in PS13. 
(G, H) Secreted proteins diffuse rapidly inside the tracheal lumen. Serp-CBD-GFP was 
expressed in tracheal cells using btl-Gal4. The protein accumulates inside the lumen 
(G). The region marked by an orange box in DT metamere 7 was bleached for 6 
seconds and fluorescence recovery was measured. Selected frames from a 
representative experiment in a stage 15 wild-type embryo are shown (see Movie S1). 
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Fluorescence rapidly recovers by influx of Serp-CBD-GFP from both sides flanking the 
bleached region. Time is indicated at lower left. Signal intensities are indicated by a 
heat map shown at right. 
(H) Analysis of FRAP experiment shown in (G). Average signal intensities in the 
bleached region (orange box in G) and in control regions (blue box in G) were plotted. 
The recovery half time (dashed line) is 25.1 s. Independent FRAP experiments 
revealed similar results (n=5; data not shown). Figure S3 shows a corresponding FRAP 
experiment in a sten mutant embryo. 
Scale bars: (A-D) 10 µm, (E-F) 25 µm, (G) 10 µm. See also Figure S3. 
 
 
Figure 4: Individual tracheal cells autonomously expand the lumen by enlarging 
their apical membrane. 
(A-D) Mosaic analysis to test autonomy of sten function. GFP-Sten expression was 
induced in random individual cells in sten mutant embryos of the genotype hs-Flp/+; 
stenG200/stenG200; tub>CD2>Gal4 UAS-GFP/UAS-GFP-Sten. Confocal projections of 
embryos stained for GFP (yellow), chitin (magenta), and Cora (cyan) are shown. 
Positions of nuclei stained by Hoechst (not shown) are outlined by dashed white lines. 
(A’-D’) show the chitin channel of corresponding merged images in (A-D). At stage 15, 
the luminal surface of rescued cells is bulging out (arrowheads in A' and B'). At stage 
17, the apical surface (demarcated by Cora staining) is dramatically enlarged in 
rescued cells (orange outline in C’ and D’) compared to neighboring mutant cells (cyan 
outline in C’ and D’), and rescued cells display taenidial rings on the luminal surface. 
Note that rescued cells expand autonomously in diameter and in length. A 3-D 
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animation of the two labeled cells in (C) is shown in Movie S3. Additional examples of 
rescued cells are shown in Figure S4. 
(E) Model summarizing roles of secretion in tracheal tube expansion. sten-dependent 
trafficking deposits soluble secreted proteins (1) in the lumen and inserts membrane 
proteins (2) and membrane material (3) into the apical cell surface. The cell-
autonomous function of sten in tube expansion suggests a critical role of membrane 
material and/or membrane proteins, but not of soluble secreted proteins in the lumen. 
See text for details. 
Scale bar: 5 µm. See also Figures S4 and S5. 
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Figure S1, related to Figure 1: Defective epidermal secretion and morphogenesis 
in sten mutants. 
(A, B) sten is required for cuticle development. Ventral denticle belts seen in wild-type 
embryos (A) are absent in sten embryos (B). The head skeleton (brown structure in A) 
is strongly reduced and unpigmented in sten mutants. Cuticle defects are fully rescued 
by ubiquitous sten expression (not shown). 
(C-F) Stage 14 wild-type (C and D) and sten mutant (E and F) embryos stained for Sas, 
FasIII and Verm. sten mutants show dorsal closure defects. Wild-type leading edge 
cells accumulate Sas at their apical side facing the midline (arrow in C) and on filopodia 
(arrowhead in D). sten mutant leading edge cells do not accumulate Sas apically (arrow 
in E) and form fewer filopodia compared to the wild type (compare D and F). (D) and 
(F) are close-ups of boxed regions in (C) and (E), respectively. 
(G-P) Dorsal epidermal cells stained as above. (I-P) are orthogonal cross-sections of 
the boxed regions marked by dashed lines in (G) and (H). In wild-type epidermal cells 
Sas accumulates at apical cell borders (I), FasIII localizes at basolateral membranes 
(K), and Verm accumulates on the apical cell surface (M). In sten mutant cells Sas (J) 
and Verm (N) are partially retained intracellularly, while FasIII (L) localizes correctly. 
Note that residual amounts of Verm and Sas are correctly delivered apically in sten 
mutant epidermal cells. 
(Q, R) TEM sections of dorsal epidermal cells in stage 16 embryos. Unlike the flat 
cuboidal cells in the wild type (Q), sten mutant cells (R) are cobblestone-shaped and 
show a convex surface. The cuticle layer seen in the wild type (arrow in Q) is missing in 
sten mutants, which show remnants of the electron-dense envelope layer (arrow in R). 
The rough ER (white arrowheads) forms flat cisternae in the wild type, but is bloated in 
sten mutant epidermal cells. 
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(A and B) are DIC images, (C-H) are projections of confocal Z-stacks, (I-P) are 
projections in the y-axis of the regions marked by dashed lines in (G) and (H), 
respectively. (Q and R) are TEM sections. Scale bars: (A and B) 100 µm, (C and E) 20 
µm, (D and F-P) 5 µm, (Q and R) 0.5 µm.
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Figure S2, related to Figure 2: Transcripts of mutant sten alleles are detectable in 
embryos. 
(A) Structure of the sten and gfat2 genes showing positions of oligonucleotides used 
for RT-PCR. sten and gfat2 fragments were amplified in multiplex PCR reactions using 
gfat2 as an internal control. Sizes of genomic DNA and cDNA PCR products are 
indicated in base pairs (bp). stenH24 and stenG200 contain early stop codons (asterisks). 
stenG364 contains a G to A transition at the 5’ splice site of intron 5. Conceptual 
translation of the stenG364 mutant mRNA terminates at a stop codon (TAA) 80 nt 
downstream of the mutated splice site, resulting in a truncation of the beta-sandwich 
domain followed by 26 aa of translated intron sequence at the C-terminus. By genetic 
tests, stenG364 behaves as a hypomorphic mutation (data not shown). 
(B) Agarose gel showing RT-PCR products. From left to right: wild type, stenG200, 
stenH24, stenG364, Df(2L)Exel7010 cDNA products, and wild-type genomic DNA 
products. A DNA size marker is shown at right. Positions of sten and gfat2 cDNA 
products are indicated at left. The sten cDNA PCR product runs at 1,161 bp. The 
slightly larger band observed in the stenG364 lane presumably reflects retention of intron 
5 (62 bp), which is not spliced out because of the 5’ splice site mutation. 
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Figure S3, related to Figure 3: Rapid diffusion of secreted proteins in sten mutant 
tracheal tubes. 
(A-D) Confocal projection of a living stage 13 wild-type embryo showing Abd-B-Gal4-
driven GFP-Sten expression in parasegment 13 (PS13), including tracheal metamere 
10 (Tr10). All cells in Tr10 express GFP-Sten, albeit at varying levels. Note that 
although the endogenous Abd-B gene is expressed in PS10-13, Abd-B-Gal4 is 
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expressed only in PS13 [18]. RFP-Moe labels all tracheal cells (magenta in B and D). 
GFP-Sten signals anterior to Tr10 are from non-tracheal cells (D). (C) and (D) are 
close-ups of boxed regions in (A) and (B), respectively. 
(E, F) Confocal section of a living sten mutant embryo expressing Verm-RFP (magenta 
in F) and GFP-Sten (green in F) under the control of Abd-B-Gal4. Verm-RFP is 
exclusively expressed by the GFP-labeled cells in PS13, including the last tracheal 
metamere. Note that Verm-RFP is distributed throughout the tracheal lumen 
(arrowheads). Verm-RFP at the periphery of the embryo presumably originates from 
GFP-Sten-expressing epidermal cells in PS13. 
(G) Serp-CBD-GFP was expressed in tracheal cells of a sten mutant embryo using btl-
Gal4. Serp-CBD-GFP is partially retained in tracheal cells. The region marked by a box 
in DT metamere 7 was bleached for 6 seconds and fluorescence recovery was 
measured. Selected frames from a representative experiment are shown (see Movie 
S2). Note that luminal, but not intracellular fluorescence rapidly recovers by influx of 
Serp-CBD-GFP from both sides flanking the bleached region. Time is indicated at lower 
left. Signal intensities are indicated by a heat map shown at right. 
(H) Analysis of FRAP experiment shown in (G). Average signal intensities in the area 
marked by an arrow inside the lumen in (G) were plotted. The strong intracellular 
signals impede measurements of luminal signals in unbleached regions. The recovery 
half time (dashed line) is 23.5 s (compare to 25.1 s in the wild type; see Figure 3H). 
Independent repeats of FRAP experiments revealed similar results (n=5; data not 
shown). 
Scale bars: (A and B) 40 µm, (C and D) 10 µm, (E and F) 40 µm, (G) 10 µm.
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Figure S4, related to Figure 4: Additional examples for autonomous apical 
expansion of GFP-Sten-expressing tracheal cells. 
(A, B) Confocal projections of wild-type (A) and stenG200 mutant (B) DT tubes in stage 
16 embryos stained for Cora (magenta in A’ and B’) and Crb (green in A’ and B’). The 
apical perimeter of tracheal cells is small in sten mutants compared to the wild type. 
Note that Cora labels the lateral membrane basal to the apical margin labeled by Crb. 
(C-H) GFP-Sten expressing tracheal cells in stage 17 wild-type (C) and in stenG200 
mutant (D-H) embryos stained for Cora, GFP, and chitin as indicated. Merged images 
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are shown in (A’’’-E’’’ and in H’). Positions of nuclei (stained with Hoechst; not shown) 
are indicated by dotted white lines. Apical surfaces of GFP-Sten-expressing cells 
(orange outlines in C’’-G’’) and adjacent cells (cyan outlines in C’’-G’’) are marked. Note 
the enlarged perimeter of GFP-Sten-expressing cells compared to neighboring sten 
mutant cells. This effect was not observed when GFP-Sten-expressing cells were 
induced in a wild-type background (C’’). Cell-autonomous lumen expansion is also 
observed in tracheal branches outside the DT. An example of a GFP-Sten-expressing 
cell in a transverse connective branch in a stenG200 mutant embryo is shown in (H). 
Note the locally expanded lumen (dashed line) and coiled taenidia produced by the 
rescued cell. The exact genotype of the embryos shown is hs-Flp/+; +/+; 
tub>CD2>Gal4 UAS-GFP/UAS-GFP-Sten (C) and hs-Flp/+; stenG200/stenG200; 
tub>CD2>Gal4 UAS-GFP/UAS-GFP-Sten (D-H). 
(I, J) Two examples for autonomous expansion of GFP-Sten-expressing DT fusion cells 
in a stenG200 mutant embryo stained for GFP, chitin, and Verm. Fusion-cell-specific 
expression was driven by esg-Gal4. The exact genotype of the embryos shown is 
stenG200/stenG200 esg-Gal4 UAS-GFP; UAS-GFP-Sten/+. 
Scale bars: (A and B) 10 µm, (C-J) 5 µm. 
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Figure S5, related to Figure 4: Excessive tube dilation upon Crb overexpression, 
but not secretion of endogenous Crb protein, is sten-dependent. 
Stage 16 embryos were stained for chitin, Verm, and Crb. Confocal projections of 
posterior DT are shown, except for panels (E, J, O, T), which are single sections 
showing close-ups of the boxed regions in (D, I, N, S). 
(A-E) DT in a wild-type embryo showing chitin (A) and Verm (B) localized inside the 
tracheal lumen and Crb localized at the apical marginal zone of tracheal cells. 
(F-J) In sten mutant embryos Verm (G) is partially retained in tracheal cells, whereas 
luminal localization of chitin (F) and apical membrane localization of Crb (H) are not 
affected. 
(K-O) Crb was overexpressed in tracheal cells using btl-Gal4 and UAS-crbWT-4b, 
yielding mild overexpression that persists throughout tracheal development. The DT 
lumen marked by chitin (K) shows enlarged diameter compared to the wild type (A). 
Note that Crb localization is expanded, covering the entire cell membrane (M, O). Also 
note that Verm is not detectable at identical image acquisition settings as in (B, G, Q). 
(P-T) Crb was overexpressed in tracheal cells in a sten embryo. Lumen diameter is 
narrow (P), indicating that Crb-induced over-dilation of the lumen seen in (K) is sten-
dependent. Unlike endogenous Crb (H), overexpressed Crb (R) is retained in sten 
mutant tracheal cells, presumably because remaining maternal sten function suffices 
for Crb secretion during early tracheal development, but not for persistent secretion at 
later stages. Also note that Verm is retained in sten mutant cells overexpressing Crb, 
suggesting that the loss of Verm seen in (L) is due to a defect in polarized secretion 
rather than in translation of Verm protein. 
Scale bars: 10 µm.
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Supplemental Movies:  
 
Movie S1, related to figure 3: FRAP experiment showing rapid diffusion of Serp-CBD-
GFP protein in the tracheal lumen of a wild-type embryo (Figure 3G). After recording 4 
frames, DT metamere 7 was bleached for 6 seconds. Images were recorded over 155 
seconds (1.3 frames/second). 
 
Movie S2, related to figure 3: FRAP experiment showing rapid diffusion of Serp-CBD-
GFP protein in the tracheal lumen of a stenG200 embryo (Figure S3G). After recording 4 
frames, DT metamere 7 was bleached for 6 seconds. Images were recorded over 155 
seconds (1.3 frames/second). 
 
Movie S3, related to figure 4: 3-D reconstruction of two adjacent cells expressing 
GFP-Sten in the stenG200 mutant embryo shown in Figure 4C. 
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Supplemental Experimental Procedures 
 
Drosophila strains 
Unless mentioned otherwise, fly stocks were obtained from the Bloomington Stock 
Center. The following strains were used and are listed in FlyBase: hs-Flp122 [30], 
P[SUPor-P]KG02906 [S1], Df(2L)Exel7010 [S2], Abd-B-Gal4LDN (gift from E. Sanchez-
Herrero; [18]), btl-Gal4 [S3], esg-Gal4 (gift from M. Krasnow), tub>CD2>Gal4 [S4], btl-
mRFP-Moe (gift from M. Affolter; [S5]), Baz-GFP, Dlg-GFP [S6], UAS-Bsg-GFP [S7], 
UAS-crbwt-4b (gift from E. Knust; [27]), UAS-GalT-GFP, UAS-GFP-KDEL [17], UAS-
Serp-CBD-GFP [21], and UAS-Src-GFP [S8]. The CyO Dfd-YFP balancer chromosome 
was used for genotyping of embryos [S9]. 
 
Constructs 
UAS-Verm-RFP (carrying a C-terminal mRFP tag) was constructed by amplifying the 
verm coding sequence [21] from the cDNA clone LD36620 (BDGP) using 
oligonucleotides EcoRI-verm-F (5’-ACATGAATTCAGAGCTCTGGAATCTATCATG) 
and NotI-verm-R (5’-ATCAGCGGCCGCAACGGAGAAGCCATCGCCGGTG). The 
resulting fragment was inserted into pUAST-mcs-mRFP to generate pUAST-Verm-
RFP. UAS-Sten was constructed by amplifying the sten ORF from cDNA clone 
LP05220 (BDGP) using oligonucleotides NotI-sten-F (5'-
ATAGCGGCCGCGATGAATCCGAATATGTACGG) and XhoI-sten-R (5'-
ATACTCGAGCTAACTCAGCAGATCCTTAATC). The resulting fragment was inserted 
into pUASt-attB [S10] and into pUASt-attB-EGFP-mcs (a gift from R. Schittenhelm), to 
generate UAS-Sten and UAS-GFP-Sten (carrying an N-terminal EGFP tag), 
respectively. 
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UAS-Sec31-RFP (carrying a C-terminal mCherry tag) was constructed by amplifying 
the sec31 ORF from cDNA clone AT25839 (BDGP) using oligonucleotides NotI-sec31-
F (5'-ATAGCGGCCGCGATGAAGATCAAGGAACTGCA) and XhoI-sec31-R (5'-
ATACTCGAGACGCAGAACCAACTGTAGCT). The resulting fragment was inserted 
into pUASt-mcs-mCherry to generate pUASt-Sec31-RFP. The PCR-amplified parts of 
all constructs were confirmed by DNA sequencing. UAS-Verm-RFP and UAS-Sec31-
RFP transgenic flies were generated by P-element transformation. UAS-Sten and UAS-
GFP-Sten were integrated into the attP landing site zh-86Fa using the ΦC31 integrase 
system [S10]. 
 
RT-PCR 
Total RNA was extracted from 40 embryos (stage 16) per genotype using Trizol 
(Invitrogen). First-strand cDNA was generated using M-MuLV reverse transcriptase 
(Fermentas) and random hexamer and oligo-dT primers. Subsequent PCR (30 cycles) 
was performed using oligonucleotides that bind in exons 3 and 6 of the sten gene. A 
fragment of the gfat2 (Glutamine:Fructose-6-Phosphate Aminotransferase 2; CG1345; 
FlyBase) transcript was co-amplified as an internal standard. 
 
Light Microscopy 
Imaging was performed using either a Zeiss Cell Observer microscope equipped with a 
63x/1.4 oil lens and a CCD camera (AxioCam MRm) or an Olympus FV1000 confocal 
microscope equipped with a 488 nm Argon and a 559/635 nm diode Laser and 40x/1.3 
and 60x/1.35 objectives. Z-stacks were processed using Huygens Deconvolution (SVI) 
and ImageJ (v1.42; NIH) software. 3-D reconstructions were done using Imaris (v6.2.0; 
Bitplane). For live imaging experiments embryos were dechorionated, lined up on a 
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glue-coated coverslip and covered with Voltalef 10S oil. For quantification of tube size, 
DT lumen diameter was measured in stage 16 embryos at three defined positions in 
metamere 6, and values were averaged (Tr5/6 DT fusion joint +5 µm, middle of Tr6 DT, 
Tr6/7 DT fusion joint -5 µm; n≥10). 
 
FRAP experiments 
Living embryos carrying btl-Gal4 UAS-Serp-CBD-GFP [21] were imaged using a 
60x/1.35 oil lens on an Olympus FV1000 confocal microscope equipped with two Laser 
scanners. After recording 4 frames, DT metamere 7 was bleached for 6 seconds using 
a 405 nm Laser. Images were recorded over 155 seconds (1.3 frames/second). 
Average fluorescence intensities were compared between the bleached area and an 
unbleached control area of equal size. 
 
Electron Microscopy 
Stage 16 embryos were dechorionated, washed, and vitrified using a high-pressure 
freezer (Leica EM-PACT II) followed by freeze-substitution (2% OsO4 in water-free 
acetone; Leica EM AFS 2). Embryos were embedded in Epon. Semithin sections were 
prepared by sectioning from the posterior pole inwards. Position was determined based 
on morphological criteria. Ultrathin (50-70 nm) transverse sections in posterior 
abdominal segments were post-stained with uranyl acetate and lead citrate and viewed 
in a Philips CM100 TEM. 
 
Cuticle Preparations 
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Embryos were dechorionated in 1.4% sodium hypochlorite, washed, mounted in 
Hoyer’s medium/lactic acid (1:1), and incubated for 4 hours at 65°C. 
 
Supplemental References 
S1. Bellen, H.J., Levis, R.W., Liao, G., He, Y., Carlson, J.W., Tsang, G., Evans-
Holm, M., Hiesinger, P.R., Schulze, K.L., Rubin, G.M., et al. (2004). The BDGP 
gene disruption project: single transposon insertions associated with 40% of 
Drosophila genes. Genetics 167, 761-781. 
S2. Parks, A.L., Cook, K.R., Belvin, M., Dompe, N.A., Fawcett, R., Huppert, K., Tan, 
L.R., Winter, C.G., Bogart, K.P., Deal, J.E., et al. (2004). Systematic generation 
of high-resolution deletion coverage of the Drosophila melanogaster genome. 
Nat Genet 36, 288-292. 
S3. Shiga, Y., Tanaka-Matakatsu, M., and Hayashi, S. (1996). A nuclear GFP/ beta-
galactosidase fusion protein as a marker for morphogenesis in living Drosophila. 
Dev. Growth Diffn 38, 99-106. 
S4. Campbell, G. (2002). Distalization of the Drosophila leg by graded EGF-receptor 
activity. Nature 418, 781-785. 
S5. Ribeiro, C., Neumann, M., and Affolter, M. (2004). Genetic control of cell 
intercalation during tracheal morphogenesis in Drosophila. Curr Biol 14, 2197-
2207. 
S6. Buszczak, M., Paterno, S., Lighthouse, D., Bachman, J., Planck, J., Owen, S., 
Skora, A.D., Nystul, T.G., Ohlstein, B., Allen, A., et al. (2007). The Carnegie 
protein trap library: a versatile tool for Drosophila developmental studies. 
Genetics 175, 1505-1531. 
S7. Besse, F., Mertel, S., Kittel, R.J., Wichmann, C., Rasse, T.M., Sigrist, S.J., and 
Ephrussi, A. (2007). The Ig cell adhesion molecule Basigin controls 
compartmentalization and vesicle release at Drosophila melanogaster synapses. 
J Cell Biol 177, 843-855. 
Förster et al. Supplemental Information 
 
16 
S8. Kaltschmidt, J.A., Davidson, C.M., Brown, N.H., and Brand, A.H. (2000). 
Rotation and asymmetry of the mitotic spindle direct asymmetric cell division in 
the developing central nervous system. Nat Cell Biol 2, 7-12. 
S9. Le, T., Liang, Z., Patel, H., Yu, M.H., Sivasubramaniam, G., Slovitt, M., 
Tanentzapf, G., Mohanty, N., Paul, S.M., Wu, V.M., et al. (2006). A new family of 
Drosophila balancer chromosomes with a w- dfd-GMR yellow fluorescent protein 
marker. Genetics 174, 2255-2257. 
S10. Bischof, J., Maeda, R.K., Hediger, M., Karch, F., and Basler, K. (2007). An 
optimized transgenesis system for Drosophila using germ-line-specific phiC31 
integrases. Proc Natl Acad Sci U S A 104, 3312-3317. 
 
 
